Research in contextEvidence before this studyV-ATPases play essential roles in bioenergetics, ion homeostasis and signaling, influencing a variety of cellular processes and have also been associated to distinct hallmarks of cancer. This proton pump is a multimeric complex composed of 13 different subunits (and two more accessory subunits), some with distinct isoforms encoded by different genes, and previous studies have usually focused only on differential expression of single isoforms, generating controversial data on different subunits/isoforms pointed as putative molecular markers in different cancers or tumor types. Recently, a molecular signature of V-ATPase has been identified, in which the downregulation of three subunits isoforms was necessary to predict glioma aggressiveness.Added value of this studyWe found the existence of a multicancer specific assembly for the V-ATPase and described that rather the upregulation of only a specific subunit isoform, the carcinogenesis is characterized by an imbalance of the expression ratio of several subunits and their isoforms. Further exploring the imbalance of C isoforms, we determined that the C1^high^/C2^low^-expression patterns can accurately segregate esophageal tumors and normal tissues, and revealed structural differences among the C isoforms, suggesting distinct posttranslational regulations that could affect the pump coupling and regulatory protein-binding sites accessibility.Implications of all the available evidenceThese findings represent a paradigm change by which future studies must address complex cancer V-ATPase molecular signatures rather than focusing only in particular isoforms that usually has been proposed as putative oncogenic markers. The conformational code depicted here possibly reflects regulatory specificities for the H^+^-pump coupling and membrane targeting, therefore, opening a new avenue to explore the major role of these enzymes in different signaling pathways and carcinogenic process. In such a new framework, integrative analyzes of the holoenzyme encompassing all their multiples subunits and considering the interconnectivity among the isoforms will revolutionize the field of translational/clinic studies by defining complex V-ATPase expression patterns more effective as diagnosis and prognosis biomarkers and/or useful for development of new target therapies.Alt-text: Unlabelled box

1. Introduction {#sec0001}
===============

Esophageal cancer (EC), the sixth most common cause of death from cancer worldwide \[[@bib0001],[@bib0002]\], encompass two histological subtypes, esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma (ESCC), the last one responsible for about 90% of all diagnosed cases [@bib0003]. Very poor overall survival of ESCC patients is mainly due to its late stage detection and poor response to treatments [@bib0004]. Therefore, it is essential to understand the molecular mechanisms involved in ESCC towards identifying new therapeutic targets and molecular biomarkers that can improve the detection and clinical managements.

The V-type H^+^-ATPase (V-ATPase) has attracted increasing attention in the field of molecular oncology [@bib0005] due to its differential overexpression in tumor cell membranes \[[@bib0006],[@bib0007]\] and the consequent intra- and extracellular pH dysregulation [@bib0008], both associated with key tumorigenic and metastatic processes, such as, migration and invasion \[[@bib0006],[@bib0007],[@bib0009]\], apoptosis \[[@bib0010],[@bib0011]\], regulation of signaling pathways frequently altered in cancer \[[@bib0005],[@bib0012]\], immunomodulation \[[@bib0013],[@bib0014]\] and therapy resistance \[[@bib0015],[@bib0016]\]. Furthermore, proton pumps inhibitors that directly or indirectly modulate the activity of this enzyme have proved to be potential therapeutic drugs to control cancer progression (e.g., Martins et al., 2019; and refences therein) [@bib0010].

V-ATPases are ATP-dependent proton pumps that translocate H^+^ ions across endomembranes of all eukaryotic cells and also through plasma membranes of some specialized cells, acidifying intracellular compartments and the extracellular matrix, respectively \[[@bib0012],[@bib0017]\]. Recently, V-ATPase was found to generate proton gradients in outer as well as inner nuclear membranes in prostate cells [@bib0018]. V-ATPase is complex enzyme composed of 13 subunits organized into a cytoplasmic domain (V~1~) responsible for ATP hydrolysis and a proton translocation transmembrane domain (V~0~). The V~1~ domain consists of eight (A-H) subunits, while V~0~ sector, in human cells, is formed by the subunits *c, c\", a, d* and *e*, as well as two accessory subunits, *Ac45* and *M8-9* \[[@bib0012],[@bib0019]\]. The V-ATPase subunits *B, C, E, G, a, d*, and *e* have multiple isoforms encoded by different genes, which have initially been postulated to exhibit tissue specific expression patterns [@bib0020], [@bib0021], [@bib0022]. However, until recently, no clear functional roles have been attributed to the distinct isoforms, except for the four *a* isoforms described as responsible for the enzyme targeting to different cellular membranes [@bib0023]. The isoforms *a1* and *a2* are found in the H^+^ pumps of intracellular membranes, while pumps assembled with *a3* and *a4* are usually directed to plasma membrane \[[@bib0007],[@bib0022]\]. In addition, it has also been demonstrated that yeast V-ATPase complexes containing two different *a* isoforms show distinct cellular localization, coupling efficiency and the main regulation of the pump by association/dissociation of the V~1~ and V~0~ domains [@bib0024].

Since V-ATPase plays essential roles in a variety of cellular processes, the existence of multiple subunit isoforms might reflect multifunctional conformations, including specific compositions for specific cell types and pathophysiological conditions. However, in different tumor cells lines, functional assays related to tumor growth, migration, invasiveness and metastasis provided similar results regardless of the individual isoform for which gene expression changes were found \[[@bib0007],[@bib0009],[@bib0025], [@bib0026], [@bib0027], [@bib0028]\]. Therefore, the classic functional assessments seem to be ineffective in selectively targeting particular V-ATPase subunits/isoforms assemble into different oligomeric states involved in diseases processes [@bib0022], including the different tumorigenic molecular phenotypes.

Here, we investigated the differential expression patterns for all V-ATPase subunits/isoforms in human ESCC and performed a comparative analysis with other types of tumors, revealing the existence of complexes containing unique combinations of V-ATPase isoforms, that could explain the oncogenic activations of this proton pump. In perspective, this conformational code of V-ATPase isoforms has potential as cancer biomarker for early diagnosis and more effective prognosis and could help in development of drugs highly specific for tumorigenic/metastatic combinatorial assemblies.

2. Materials and methods {#sec0002}
========================

2.1. V-ATPase expression in ESCC transcriptome {#sec0003}
----------------------------------------------

The expression profile of the V-ATPase genes in ESCC was analyzed using transcriptome data developed by the Brazilian National Institute of Cancer -- INCA [@bib0029]. Transcriptome data are available in Gene Expression Omnibus (GEO) under accession number GSE75241. Microarrays were performed using a genechip Human Exon 1.0 ST array (Affymetrix, Inc.) and compared 15 ESCC paired samples (ESCC and tumors and respective surrounding tissues, collected at least 5 cm far from the tumor border) and 5 healthy esophageal tissues of individuals without cancer (collected from patients submitted to endoscopic routine examination not related to cancer or esophageal disorders, performed at the University Hospital Pedro Ernesto-UERJ). The raw data were normalized in Expression Console software (Affymetrix) using robust multi-array average (RMA) method. The differential expression was analyzed using the Affymetrix Transcriptome Analysis Console (TAC), following the software guidelines. Multiple Testing Corrections and False Discovery Rate Prediction were performed by Benjamini-Hochberg procedure.

2.2. V-ATPase expression in Oncomine database {#sec0004}
---------------------------------------------

The expression levels of V-ATPase genes in 20 cancer types were obtained from the Oncomine database (<https://www.oncomine.org/resource/login.html>) [@bib0030]. The fold-change of mRNA expression in cancer tissues compared to in their normal tissues was acquired using parameters of a threshold *p*-value of 1E-4; fold-change of 2; and gene ranking in the top 10%.

2.3. V-ATPase gene expression in the cancer genome atlas (TCGA) database {#sec0005}
------------------------------------------------------------------------

Gene expression data from EC samples (*n* = 182), both esophageal adenocarcinoma (*n* = 87) and squamous cell carcinoma (*n* = 95), were downloaded from the public database cBioPortal for Cancer Genomics \[[@bib0031],[@bib0032]\], which provides visualization, analysis, and download of largescale data sets deposited in The Cancer Genome Atlas (TCGA).

2.4. Patients and samples {#sec0006}
-------------------------

Thirty-eight patients enrolled from 2008 to 2015 at the Brazilian National Cancer Institute (INCA) who had confirmed ESCC diagnosis and had not undergone chemotherapy and/or radiotherapy were recruited. Paired biopsies (tumors and normal-appearing surrounding mucosa, collected at least 5 cm far from the tumor border) were included in real-time quantitative PCR analysis. Epidemiological and clinicopathological data were obtained through interviews by using a standardized questionnaire and from patient\'s medical records, including whenever possible sex, age at diagnosis, tobacco smoking, alcohol intake, tumor stage and differentiation, esophageal localization and overall survival time after diagnosis. Individuals were classified regarding tobacco smoking as smokers (for ever- or ex-smoking) or never-smoking, and regarding alcohol intake as drinkers (for ever- or ex-drinkers) or never-drinkers. The use of the human samples was approved by the Ethic Committee of the institution (INCA - 116/11). All patients, who kindly agreed to participate in the study, signed an informed consent form prior to study enrollment

2.5. Clinicopathological features {#sec0007}
---------------------------------

The clinicopathological characteristics of the 38 ESCC patients evaluated in the study are presented in Table S1. The median age of patients was 57 years, ranging from 48 to 79 years, male patients represented 84.2% of cases and near 90% of all patients were alcohol consumers and/or smokers. Tumors were most often located in the middle third of the esophagus (47.4%), with a high prevalence of advanced stage (III or IV) of the disease (48%) and poorly or moderately differentiated (97.4%) culminating in a high mortality rate (81.6%) with median overall survival of 7.73 months.

2.6. Real-time PCR {#sec0008}
------------------

Total RNA was extracted from the fresh tumor and normal surrounding esophageal tissues using RNeasy mini kit (Qiagen), according to the manufacturer\'s protocol. RNA concentration and purity were determined by spectrophotometrically, and 500 ng of total RNA was used for reverse transcription in a final volume of 20 µL with SuperScript II Reverse Transcriptase (Thermo Fisher Scientific), following the manufacturer\'s protocol. Expression levels were detected by StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific) and each reaction (12 µL) contained the corresponding cDNA (1:10), 900 nM of each primer and 6 µL of Power SYBR Master Mix PCR (Thermo Fisher Scientific). The reaction conditions were as follows: 95 °C for 10 min; 95 °C for 15 s, 60 °C for 1 min, for 40 cycles; at the end a melting curve analysis was included, and fluorescence was measured from 60 to 99 °C (each sample was analyzed in duplicate). Relative mRNA levels were quantified using the comparative cycle threshold method (ΔΔCt) and normalized by the *GAPDH* expression and using the normal surrounding tissue as the reference (2^−ΔΔCt^ formula). The expression ratio between *ATP6V1C1* and *ATP6V1C2* isoform *C* transcripts was calculated for each patient.

The expression levels of *ATP6V1C1, ATP6V1C2* variant 1 (v1) and *ATP6V1C2* variants 1 and 2 (v1,2) were analyzed using the oligonucleotides shown in Table S2. The cDNA samples availability determined the respective number of assays, 38 paired samples for the *ATP6V1C1*, 37 for *ATP6V1C2-v1* and 36 for *ATP6V1C2-v1,2*.

2.7. *In silico* 3D models of *C* subunit isoforms, specific peptide domains, and protein-protein interaction sites and docking assays {#sec0009}
--------------------------------------------------------------------------------------------------------------------------------------

Conserved polypeptide sequences were estimated using the NCBi database and the program BLASTP 2.8.0, while the analysis of conserved domains was verified by using the CDD/SPARCLE. The identification of sites for phosphorylation/dephosphorylation and protein-protein interactions was performed using the *Human Protein Reference Database*. The prediction of 3D models for hC1 (NP_001686.1), hC2b (NP_653184.2) and hC2a (NP_001034451.1) isoforms was performed by homology and *ab initio* modeling by four distinct programs: Modeller 9.19, Swiss-Model, RaptorX and I-Tasser. Analysis of global and local stereochemical quality for all predicted models was also performed by using different programs: Rampage, Verify3D, ProSA, VoroMQA, ProQ3D, Qprob, DeepQA and SVMQA. The best models were refined using the ModRefiner program. Protein-protein docking assays were carried out using the programs ClusProV2 and HADDOCK. In order to select the best interactions and to discard false positives, extensive analysis was carried out with the programs DockScore, PPCheck and CCharPPI. After selection of the protein complexes with native interaction characteristics, the prediction of binding free energy (∆*G* - kcal/mol) and the dissociation constant (*K*~d~) of the complexes were calculated using the program PRODIGY. Native complexes and their interactions were modeled by the program UCSF Chimera 1.11.2 (Sao Francisco, CA, USA). Multiple sequence alignments were generated using ClustalW (<http://www.genome.jp/tools-bin/clustalw>). The references of each computational tools used in this section can be accessed in the Supplementary materials.

2.8. Statistical analysis {#sec0010}
-------------------------

The data were statistically analyzed using GraphPad Prism 5 Software (San Diego, CA, USA) and differences were considered significant at *p* value of \< 0.05. A Kolmogorov- Smirnov test was used for normality analysis. Paired *t*-test or Wilcoxon matched pair test was applied when comparing two groups. When comparing three or more groups, one-way ANOVA or Kruskal-Wallis test and Tukey\'s or Dunn\'s posttest were used. A receiver operating characteristic (ROC) curve was plotted to investigate whether *C* isoforms expression could be used as a marker to discriminate ESCC from normal-appearing surrounding mucosa.

3. Results {#sec0011}
==========

3.1. Expression profile of V-ATPase subunits in ESCC {#sec0012}
----------------------------------------------------

The expression profiles of 25 genes encoding V-ATPase subunits were obtained from an ESCC transcriptome developed by the Brazilian National Institute of Cancer -- INCA [@bib0029]. An unsupervised hierarchical clustering analysis showed that ESCC exhibits striking changes in expression of most isoforms of the V-ATPase subunits in comparison with normal esophageal tissues excised surrounding the tumors, in a profile which clearly segregates these two groups and suggests a pattern of tumor-specific V-ATPase expression ([Fig. 1](#fig0001){ref-type="fig"}a; the fold change and *p*-value of each gene is shown in Table S3). The genes were considered differentially expressed when their *p*-value was less than 0.005. It is of note that the *A* and *B* subunits, which constitute the evolutionary conserved catalytic domain of the V-ATPase, presented no significant expression changes (*ATP6V1A*: 1-fold change and *p* = 0.78; *ATP6V1B1*: 1-fold change and *p* = 0.79; *ATP6V1B2*: −1.08-fold change and *p* = 0.45) (Table S3, Figure S1).Fig. 1V-ATPase expression profile in ESCC by microarray database. (a) Unsupervised hierarchical clustering analysis of 15 esophageal samples (tumors and respective surrounding tissues) showing the expression of the 25 genes of V-ATPase. Green indicates decreased gene expression and red increased genes expression. N and gray bar correspond to normal surrounding tissues; T and black bar correspond to tumor. (b) *ATP6V1C1* and *ATP6V1C2* expression levels in tumor, normal-appearing surrounding tissues and healthy esophageal mucosa from individuals without cancer. \**p* = 0.0146; \*\*\**p* = 0.0003; \*\*\*\**p* \< 0.0001 \[*ATP6V1C1* - one-way ANOVA with Tukey\'s post-test. *ATP6V1C2* - Kruskal-Wallis test with Dunn\'s post-test\].Fig. 1

The subunit *c"* (*ATP6V0B*), which compose the proteolipid ring of the V-ATPase, exhibited higher expression in ESCC samples than in normal tissues. Even more interesting were the changes found among the isoforms expression of the same subunit, as observed for *d* and *G* subunits, where *d2* (*ATP6V0D2)* and *G2* (*ATP6V1G2)* isoforms were more expressed in tumor, while *d1, G1* and *G3* isoforms (*ATP6V0D1, ATP6V1G1* and *ATP6V1G3,* respectively) were less expressed in tumor compared with normal surrounding tissues (Figure S2).

However, among all differentially expressed V-ATPase genes, those encoding the subunits *C* and *a* presented the highest differences among their respective isoforms. In ESCC compared with normal surrounding tissue, *ATP6V1C1* and *TCIRG1* mRNAs were upregulated (2.79 and 1.53-fold change, respectively), while those of *ATP6V1C2* and *ATP6V0A4* were downregulated (−1.28 and −2.76-fold change, respectively). In addition, significant difference in expression for these four genes were also observed between ESCC and healthy esophageal tissues from individuals without cancer ([Fig. 1](#fig0001){ref-type="fig"}b and c; Figure S3). The *TCIRG1* and *ATP6V0A4* genes encode two of the four distinct *a* isoforms, *a3* and *a4* (V0 sector), whereas in the V~1~ domain, *ATP6V1C1* and *ATP6V1C2* encode the different *C* subunit isoforms; *ATP6V1C1* encodes the *C1* isoform (NCBI gene ID: 528) and *ATP6V1C2* encodes two alternative transcriptional splice variants, namely *C2a* and *C2b* isoforms (NCBI gene ID: 245973).

3.2. *ATP6V1C1* and *ATP6V1C2* transcripts are differentially expressed in ESCC {#sec0013}
-------------------------------------------------------------------------------

Since the *C* subunit plays crucial regulatory role for V-ATPase structural and functional coupling \[[@bib0022],[@bib0033],[@bib0034]\], as well as taking into account that ESCC exhibited more remarkable expression ratio of the *C* isoforms comparing to other subunits isoforms, we validated the results of the microarray analysis evaluating *ATP6V1C1* and *ATP6V1C2* mRNA levels by RT-PCR in 38 ESCC paired samples (tumors and respective normal surrounding tissues). The *ATP6V1C1* expression in ESCC relative to respective normal tissue ranged from 0.43 to 7.37-fold change, with the median value of 2.33-fold change. Assuming a fold change cut-off of ≥ 2, about half (54%) of the ESCC samples presented *ATP6V1C1* mRNA levels increased when compared to their respective normal surrounding tissues ([Fig. 2](#fig0002){ref-type="fig"}a), while the expression of the *ATP6V1C2* gene was downregulated in most of the tumors analyzed, considering a cut-off ≤ −2 (67.6% for v1; 72.2% for v1,2). For *ATP6V1C2* fold change values ranged from −0.46 to −48.9 with the median value of −3.96 for *v1* and of −0.51 to −52.9 with the median value of −6.53 for *v1,2* ([Fig. 2](#fig0002){ref-type="fig"}b and c).Fig. 2The expression pattern of V-ATPase *C* isoforms in ESCC. *Left images*: RT-PCR analysis of (a) *ATP6V1C1,* (b) *ATP6V1C2-*v1 and (c) *ATP6V1C2-*v1,2 expression in paired ESCC samples organized by tumor stage. Values are expressed as relative to those obtained in tumors respective normal surrounding tissue (= 1 or −1), represented by the red dashed line. *Right images*: qRT-PCR evaluation of (d) *ATP6V1C1,* (e) *ATP6V1C2-*v1 and (f) *ATP6V1C2-*v1, 2 mRNA levels distribution in the groups of normal surrounding and their paired ESCC tissues. Values are shown in relative units. mRNA levels were normalized by those of *GAPDH*, used as the housekeeping gene. NA -- no information available about tumor stages. \*\*\*\**p* \< 0.0001 \[Wilcoxon matched pair test\].Fig. 2

Next, a comparative analysis of mRNA levels of subunit *C* isoforms in tumors and normal surrounding tissues was performed. Expression levels of *ATP6V1C1* in ESCC samples group was approximately 2.5-fold higher than those detected in the normal surrounding tissues group (median values of 0.008196 and 0.003301, respectively) ([Fig. 2](#fig0002){ref-type="fig"}d). For *ATP6V1C2-v1* and *ATP6V1C2-v1,2* the mRNA levels were significantly lower in the ESCC group than those in the normal surrounding tissues group, with the median values of −4.3 and −9.6-fold, respectively (*v1*: median of 0.000489 in ESCC and 0.00241074 normal surrounding; *v1,2*: median of in 0.000629 ESCC and 0.006044 normal surrounding) ([Fig. 2](#fig0002){ref-type="fig"}e and f). These findings are in agreement with the data obtained from microarray analysis ([Fig. 1](#fig0001){ref-type="fig"}), confirming that the V-ATPase *C* isoforms present a remarkable differential expression in ESCC, when compared to normal surrounding tissues. The protein expression of *C1* and *C2* isoforms was investigated by immunohistochemistry. For both isoforms the protein expression was diffuse in the tumor area, with *C1* exhibiting intense staining, the indicative of over-expression. In the normal surrounding tissues, isoforms *C1* and *C2* were detected predominantly in the lower layers of the epithelium (Figure S4).

We further examined the expression ratio of *ATP6V1C1* and *ATP6V1C2* isoforms (*C1*/*C2-v1 and C1*/*C2-v1,2* ratios). The median value of *C1*/*C2-v1* ratio was of 1.4-fold in normal surrounding tissues and 13.4-fold in the ESCC samples, while the median value of *C1*/*C2-v1,2* ratio was of 0.5-fold and 10.1-fold in the normal surrounding and ESCC tissues, respectively (Figure S5). These results suggest that the expression levels of the different *C* isoforms are carefully guarded to achieve a proportional balance in normal tissues, which dysregulation towards the *C1* prevalence over the *C2* is an intrinsic characteristic of ESCC.

3.3. Subunit C isoforms as potential diagnostic biomarker for ESCC {#sec0014}
------------------------------------------------------------------

In order to evaluate whether *C* isoforms mRNA expression could be used to discriminate between tumor and non-tumor esophageal tissues, we performed the Receiver Operating Characteristic (ROC) curve analysis using the gene expression values from ESCC and normal surrounding tissues. The differential expression of *ATP6V1C1* and *ATP6V1C2* was able to accurately discriminate ESCC samples from normal surrounding tissues (*p* \< 0.0001), with sensitivity and specificity of 79.49% and 84.62% for *ATP6V1C1;* 83.78% and 83.78% for *ATP6V1C2-v1* and 80.56% and 86.11% for *ATP6V1C2-v1,2*, respectively. The ROC curve analysis for the *C1*/*C2* expression ratios generated an area under curve greater than 0.94, reflecting the high accuracy of the test to discriminate between tumors and normal surrounding tissues. The *C1/C2-v1* and *C1/C2-v1,2* ratios showed respectively a sensitivity of 86.49% and 88.89% and a specificity of 91.89% and 91.67% ([Fig. 3](#fig0003){ref-type="fig"}). These results indicate that mRNA expression ratio of the subunit *C* isoforms can be useful as a diagnostic biomarker for ESCC.Fig. 3ROC curves of *C* isoforms mRNA expression for the discrimination of ESCC from normal surrounding mucosa samples. ROC curves are relative to mRNA expression of: (a) *ATP6V1C1*, (b) *ATP6V1C2-*v1, (c) *ATP6V1C2-*v1,2, (d) *C1*/*C2-*v1 ratio and (e) *C1*/*C2-*v1,2 ratio. The area under curve (AUC) indicates the accuracy of the test in discriminating tumors from normal surrounding tissues. Numbers in a box correspond to a cut-off used for the determination of the sensitivity and specificity. ROC, receiver operating characteristic. *p* \< 0.0001 \[ROC curve\].Fig. 3

3.4. Structural modeling of the subunit *C*isoforms {#sec0015}
---------------------------------------------------

In addition, we performed the analysis of conserved domains among the human V-ATPase subunits *C1* (NP_001686.1) (hC1), *C2a* (NP_001034451.1) (hC2a) and *C2b* (NP_653184.2) (hC2b) using the program BLASTP 2.8.0 in the mammalian taxon of the database *NCBI Protein Reference Sequences*. The three amino acid (aa) sequences were found to be highly conserved, and hC1 (382 aa), hC2a (427 aa) and hC2b (381 aa) share at least \~55.3% identity and \~74.2% similarity (Table S4). When compared to isoform hC2b, the isoform hC2a has an additional exon that encodes for 46 aa at the position 276--321 aa. The BlastP analysis suggested that the isoform hC2a is present in all mammals, but absent in other taxa (yeast, nematode, mollusk, arthropod, birds, reptiles, amphibia and higher plants). Next, were performed analysis for protein-protein binding and for phosphorylation sites, exclusively on hC2a additional exon. These analyses pointed to the presence of interesting motifs for serine/threonine kinases and phosphatases, such as ERK1 and 2, Casein Kinase II, PKA, PKC; and three potential binding motifs for proteins which recognize phosphorylated serine‑based motifs with binding domains to WW, MDC1 BRCT and Plk1 PBD (Tables S5 and S6). No tyrosine kinase/phosphatase binding sites were identified in this specific region. Predictions of hC1, hC2a and hC2b three-dimensional structures were performed by homology modeling and *ab initio* approaches ([Fig. 4](#fig0004){ref-type="fig"}). The RMSD assessment also indicated that hC1 and hC2b are structurally very similar, while hC2a has an additional structural motif (Table S4). Analysis of global and local stereochemical quality using validation programs revealed that the most stable structure predicted for the additional exon of hC2a would be an alpha-helix conformation flanked by unstructured regions ([Fig. 4](#fig0004){ref-type="fig"}c). However, since the subunit *C* binds to, and serves as a substrate for PKA and PKC [@bib0035], these proteins were also used to refine the validation of the hC2a structural model. Following a series of protein-protein dockings between proposed hC2a models with PKA and PKC structures (Figure S6), the conformational model that best established PKA/PKC-hC2a interaction complexes was the hC2a predicted model for which the domain corresponding to the additional exon is in a beta-sheet flanked by unstructured regions ([Fig. 4](#fig0004){ref-type="fig"}d, Figure S6). In addition, based on the actin-binding domain described for the *B* subunit [@bib0036], we found a similar actin-binding domain in each of the *C* subunit isoforms ([Fig. 4](#fig0004){ref-type="fig"}e and f).Fig. 4Prediction of three-dimensional structure of *C* subunit isoforms and putative actin-binding sites. (a) hC1 isoform, (b) hC2b isoform, (c) most promising model of hC2a isoform and (d) model of hC2a isoform validated by protein docking. *C1* and *C2b* were modeled by homology using as template the resolved structure from yeast V-ATPase (3J9V.pdb) and *C2a* was obtained by *ab initio* approach. e) Multiple sequence alignment comparing "profilin-like" domain in *B* subunit (blue box) and similar sequence in *C* subunit isoforms. (f) 3D structure of hC2a isoform highlighting in green the putative \"profilin-like\" domain for actin-binding. The additional peptide stretch of 46 aa present in the hC2a isoform is shown in red.Fig. 4

3.5. Expression profile of V-ATPase genes in EC histological subtypes {#sec0016}
---------------------------------------------------------------------

The expression profile of two genes encoding the V-ATPase subunit *C* in ESCC prompted us to investigate if such dysregulation is involved in esophageal carcinogenesis in general, independently of histological subtype. To this end, we used TCGA database to analyze the expression levels of V-ATPase genes in ESCC and EAC. The expression profile of all V-ATPase genes presented a very similar pattern in both histological subtypes ([Fig. 5](#fig0005){ref-type="fig"}a). Regarding to *C* isoforms, both EAC and ESCC tumors exhibited higher expression levels of *ATP6V1C1* than *ATP6V1C2*. The *ATP6V1C1* expression was increased 6.6-fold when compared to *ATP6V1C2* expression in EAC tissues. In ESCC samples, *ATP6V1C1* was 11.6-fold more expressed than *ATP6V1C2*, corroborating with the data obtained by qRT-PCR, where *ATP6V1C1* was 12.7-fold more expressed in tumors than *ATP6V1C2* ([Fig. 5](#fig0005){ref-type="fig"}b). Finally, the *ATP6V1C1* expression levels were similar between the two-histological subtypes (expression median of 1578 for ESCC and 1479 for EAC), however, the average expression of *ATP6V1C2* was lower in ESCC than in EAC (expression median of 136 for ESCC and 225 for EAC) (Figure S7).Fig. 5V-ATPase mRNA expression in esophageal cancer histological subtypes. (a) Expression profile of all V-ATPase genes in esophageal adenocarcinoma (EAC) and ESCC. (b) Respective *ATP6V1C1* and *ATP6V1C2* mRNA levels in EAC and ESCC assessed by RNA-sequencing data from TCGA and by qRT-PCR in the current study.Fig. 5

3.6. Multi-cancer V-ATPase structural signatures {#sec0017}
------------------------------------------------

To investigate the expression pattern of V-ATPase genes in other cancer types, we systematically analyzed mRNA transcriptome between normal tissues and tumor tissues of 20 sites comprising different histological types using the Oncomine database. The threshold was designated according to the following values: *p*-value 1E-4, fold-change 2, and top gene ranks 10%. Although the expression of some subunits such as *H, c* and *B1* (*ATP6V1H, ATP6V0C* and *ATP6V1B1*) seems to vary with the tumor type, it was possible to identify a common expression pattern for several key subunits/isoforms in different tumor tissues. Remarkably, upregulation of subunits *F* and *c"* (*ATP6V1F* and *ATP6V0B)* and of the accessory subunits (*ATP6AP1 and ATP6AP2*) as well as the imbalance of the subunit isoforms *C, G* and *a,* particularly the upregulation of *C1, G1* and *a3* (*ATP6V1C1, ATP6V1G1* and *TCIRG1*), and downregulation of C2, *G2, a1* and *a4 (ATP6V1C2, ATP6V1G2, ATP6V0A1* and *ATP6V0A4*) were identified in most cancer types compared to normal tissues ([Fig. 6](#fig0006){ref-type="fig"}). These results may imply a tumorigenic coordinated expression of the multimeric V-ATPase, resulting in a quite specific multicancer balance for most of the subunits isoforms.Fig. 6mRNA expression pattern of V-ATPase genes in multiple cancer types. (a) Comparative table indicating the number of the analyses that meet the threshold with mRNA over-expression (left column, red) and under-expression (right column, blue) in cancer versus corresponding normal tissues. Each column refers to a V-ATPase gene and each line refers to a cancer site (some tumor sites include different histological types). The threshold was designed with the following parameters: *p*-value of 1E-4, fold-change of 2, and gene ranking of 10%. (b) Proposed combinatorial assemblies of V-ATPase subunits/isoforms with dominantly expressed isoforms (on the right) in multiple tumor types based on Oncomine analysis. Accessory subunits are shown in dashed lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 6

4. Discussion {#sec0018}
=============

Despite the large amount of data accumulated on differential expression of V-ATPase subunits/isoforms in various tumors, up to now no clear molecular signature could be related to the carcinogenesis process. Pharmacological inhibitions \[[@bib0006],[@bib0010],[@bib0037],[@bib0038]\] as well as the silencing of specific isoforms (*a2, a3, c, E1, G1* or *C1*) resulted in inhibition of migration and invasiveness in different cancer cells and reduction of tumor growth and metastasis \[[@bib0009],[@bib0025], [@bib0026], [@bib0027], [@bib0028],[@bib0039], [@bib0040], [@bib0041]\]. If by one hand, these studies have confirmed the remarkable role of the V-ATPase in molecular oncology, on the other hand, such a functional assessment has been insufficient to propose any mechanistic insight on the subunits/isoforms differentially expressed in different tumors. Here, using a broader analysis encompassing all V-ATPase subunits/isoforms, it was possible to demonstrate a complementary interdependence between the cancer-related expression changes, mainly in isoforms of subunits that regulate the targeting and coupling of the pump. These combinatorial assemblies of isoforms might reflect conformational codes related to the control of swirling motions of the pump and the coupled electrochemical gradients, implying in the different functions of this housekeeping enzyme that energizes most of the cell membranes and thus must be precisely regulated in the different compartments in any kind of functional cell. In this way, our work can also help to clarify the functional and evolutionary rational for the existence of such isoforms, opening a new structural perspective on the variety of differential conformations of this proton pump in normal as well as in tumor cells.

Some subtle differences in the expression pattern of V-ATPase genes were found in distinct types of tumors. Microarrays of a specific histological type of esophageal cancer and Oncomine multi-cancer analyses (where, for example, *C1* gene was upregulated in 12 different tumors and downregulated only in brain cancer and leukemia) indicated that the cancer V-ATPase signatures are not stochastic nor deterministic, but rather represent a hybrid phenomenon that vary among the cancer histological types. It is likely that distinct combinatorial assemblies of V-ATPase isoforms can be found in different tumor stages, and specific expression patterns could be useful towards early diagnostics and more effective prognostics. Indeed, a combination of downregulation of *ATP6V1G2, V0A1*, and *V1C1* isoforms has been proposed by Terrasi and colleagues to predict glioma aggressiveness [@bib0042].

The subunits *a* and *C* presented the highest expression differences among their respective isoforms not only in ESCC ([Fig. 1](#fig0001){ref-type="fig"}, Figure S3) but also in other cancers, as revealed by Oncomine analysis ([Fig. 6](#fig0006){ref-type="fig"}). The isoforms *a3* (*TCIRG1*) and *a4* (*ATP6V0A4*) were upregulated and downregulated, respectively, in tumors as compared to normal tissues. Overexpression of *a3* targets the V-ATPase to the plasma membrane and confers higher invasiveness to breast cancer and melanoma cells \[[@bib0007],[@bib0043]\]. Moreover, a knockdown of *a4* did not affect invasion of breast cancer cells, but resulted in a 2-fold increase in the *a3* mRNA levels [@bib0007], which is in line with our results suggesting a tightly regulated balance among the isoforms of these V-ATPase subunits. Another multi-cancer V-ATPase signature revealed was the upregulation of the accessory subunit *Ac45* (*ATP6AP1*), reinforcing that *Ac45* in conjunction with isoforms *a* can play a role in invasiveness \[[@bib0044],[@bib0045]\] probably by influencing the localization, activity and/or efficiency of the enzyme \[[@bib0023],[@bib0024],[@bib0044]\].

Furthermore, we demonstrated that *C* isoforms expression profiles are potential diagnostic markers, since their mRNA levels markedly discriminate ESCC from normal surrounding esophageal tissues, with the best results obtained using the *C1/C2* ratio ([Fig. 2](#fig0002){ref-type="fig"} and [3](#fig0003){ref-type="fig"}) rather than any individual expression pattern. This underscores an interconnectivity and fine tuning of *C* isoforms expression. Indeed, similar levels of expression for both *C1* and *C2* isoforms were found in normal tissues, contrasting with a wider range of *ATP6V1C1* and *ATP6V1C2* expression found among the different tumors, invariably involving an expression imbalance characterized by the dominance of *C1* isoform ([Fig. 2](#fig0002){ref-type="fig"} and Figure S4).

*In silico* modeling revealed an additional stretch of 46 amino acids with binding sites for different kinases and phosphatases present only in *C2a* ([Fig. 4](#fig0004){ref-type="fig"}, Tables S5 and S6), suggesting specific post-translational regulations. Two structures were predicted for the additional peptide stretch of *C2a* isoform, a beta sheet fold or an alpha-helix bend flanked by unstructured regions. Both could represent functional conformations since *C* subunits can be found in a membrane-bound holoenzyme and also as a free protein in the cytosol [@bib0034]. Based on the actin-binding domain described for the *B* subunit [@bib0036], we detected similar domains in the *C* subunit isoforms ([Fig. 4](#fig0004){ref-type="fig"}e and f). The putative actin binding site in the *C2a* isoform was located immediately downstream the additional peptides stretch, exclusive of this isoform and predicted to be highly mobile. Thus, it appears mechanistically sound that the additional peptide stretch in the *C2a* isoform may integrate post-translational kinases-dependent regulations and actin binding mechanisms in normal cells, which are disrupted as the *C1* isoform becomes prevalent in cancer cells.

This model provides new insights on previous reports, where V-ATPase containing *C2a* or *C2b* isoforms exhibited lower coupling efficiency between ATP hydrolysis and proton transport than V-ATPase containing *C1* or Vma5p (yeast *C* subunit) [@bib0033]. The interaction of actin and *C* subunit also contribute to the disassembly and re-assembly regulatory mechanism of the pump \[[@bib0034],[@bib0046],[@bib0047]\]. The single *C* subunit of insect V-ATPases was also demonstrated to interact and modulate the actin polymerization [@bib0048]. It seems likely that human cells that express multiple *C* isoforms might exhibit a wider array of actin-proton pump interactions with a role in the regulation of normal as well as pathological metabolism. Thus, it is not surprising that cytoskeleton rearrangements somehow interconnected with the V-ATPase activity has been implicated in cancer-related processes, such as migration and invasion \[[@bib0037],[@bib0039]\], release of exosomes [@bib0049], membrane fusion [@bib0050] and receptors recycling [@bib0017].

In conclusion, our data originally unveiled multi-cancer molecular signatures for the V-ATPase holoenzyme, indicating a key role for the differential expression of the subunits/isoforms in establishment of a conformational code, which ultimately would lead to specific proton signals and energy transductions related to carcinogenesis. Compelling evidence has been provided for a clear distinctive imbalance of the *C* subunit isoforms pointing to *ATP6V1C1* and *ATP6V1C2* as promising targets for development of new cancer biomarkers. Future studies taking advantage of new structural databases and powerful platforms for integrative system biology [@bib0051] should promote further in-depth characterization of V-ATPase multi-cancer molecular signatures, illuminating and exploring their mechanistic roles in carcinogenesis, early diagnosis and therapeutic potential.
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